Deoxyribonucleic acid replication and genetic recombination were investigated after infection of Escherichia coli with ligase-deficient rll bacteriophage T4D. The major observations are: (i) deoxyribonucleic acid synthesis is discontinuous, (ii) the discontinuities are more slowly repaired than in wild-type infection, (iii) host ligase is required for viability, and (iv) genetic recombination is increased.
Karam (5) and Berger and Kozinski (1) have observed that amber mutations in the structural gene for polynucleotide ligase (gene 30) of phage T4D are no longer lethal when an rll mutation is present in the same phage. Physicochemical analysis of 32P-labeled parental phage deoxyribonucleic acid (DNA) indicated that the rII mutation prevents the extensive endonucleolytic degradation of phage DNA which is normally observed with ligase-deficient rII+ phage (1) . These results suggest that an endonuclease is responsible for the lethality associated with ligase-defective phage and that the rIT mutation restores viability by directly or indirectly decreasing endonucleolytic action. This interpretation of the mechanism of suppression is consistent with the observation that ligase-deficient phage viability is restored when chloramphenicol is added 5 min postinfection and then removed 25 min later (1, 6, 8) . Presumably, chloramphenicol during this phase of infection partially blocks expression of functions which allow endonucleolytic degradation of parental DNA. Limited DNA synthesis can nevertheless occur under these conditions, utilizing those enzymes synthesized before chloramphenicol addition (8) .
In this communication, we report on the replication and recombination which occur after infection with a phage which is defective in both ligase and rII function.
MATERIALS AND METHODS
Phage stocks. The amber mutants of phage T4D, amX39 (gene 30), amN69 (gene 12), and amB255 (gene 10), were kindly supplied by R. S. Edgar. The rIIA mutant, r59, was obtained from A. H. Doermann. The mutant tsNK2 was isolated as a spontaneous pseudorevertant of amX39 at 42 C in Escherichia coli B. The double mutant amX39-tsNK2 does not grow at 30 C in E. coli B. Since T4D does not grow on bacterial strain TAU bar or TAU bar TS7, studies with these strains utilized a T4D derivative designated T4Dy. This derivative was isolated as a spontaneous mutant of T4D+ which had a high efficiency of plating and a nearly normal plaque morphology on these hosts. Phage stocks containing combinations of these markers were constructed by recombination.
Bacterial strains. E. coli B was used as the nonpermissive host for in vivo and in vitro experiments with amber mutants. E. coli CR63 was used to prepare stocks and as the permissive host for phage containing amber mutations. The nonpermissive host for rll mutants was CR63(Xh). For studies on the role of host ligase in the restoration of viability to ligase-deficient phage, bacterial strains TAU bar and a ligase temperature-sensitive mutant TAU bar TS7 (12, 13) , kindly provided by E. C. Pauling, were used.
Phage crosses. Crosses of amX39-r59-amN69 by amX39-r59-amB255 were carried out in E. coli B by the methods of Chase and Doermann (2) . In each experiment, a minimum of 250 total progeny and 250 late function am+ recombinants were counted. Control crosses, r59-amB255 by r59-amN69, were done simultaneously. For studies on the effect of chloramphenicol on recombination, crosses were carried out as above, but at the indicated times after infection the media were supplemented with 100 ,ug of chloramphenicol per ml (Parke, Davis & Co.). Chloramphenicol was removed to allow maturation by diluting 5,000-fold into unsupplemented media.
Cross lysates were plated on CR63 to determine total progeny and on E. coli W31 10AB24 Su A (obtained from C. Yanofsky), which is restrictive for the late-function amber mutations used, to determine the frequency of wild-type late-function recombinants. (1) . Confirmation of the rII site of tsNK2 mutation was found by mapping it with respect to known rII mutations in both two-and three-factor crosses. The site of tsNK2 was very close to the site of the marker r59 (rIIA). Table 1 also shows that tsNK2, as with other previously described rll mutations, was recessive to the wild-type allele.
Since tsNK2 suppresses gene 30 mutants only at high temperature, we have performed temperature-shift experiments to define the time at which rII+ function is lethal in the absence of phage ligase. Phage production after a temperature shift from 30 to 41 C at various times after infection of E. coli B with amX39-tsNK2 indicates that incubation at 41 C must be initiated within 15 min after infection for the production of viable progeny ( Fig. 1 ). This result is in good agreement with a similar experiment of J. D. Karam (personal communication).
DNA synthesis with amX39-tsNK2. The observation that gene 30 function is required for T4 viability has been interpreted to mean that phage-induced polynucleotide ligase is normally required for replication and cannot be replaced by bacterial ligase. It is clear, however, that the requirement for phage ligase is removed by the rII mutation, presumably by creating intracellular conditions which permit DNA synthesis by using only preexisting bacterial ligase. It has been previously shown that suppression of amX39 by rII mutations prevents endonucleolytic degradation of parental DNA (1). This endonucleolytic attack of the input template molecule, before extensive replication has occurred, is probably the early lethal event which was demonstrated in the temperature-shift experiment (Fig. 1) .
The DNA synthesized after infection with amX39-tsNK2 has been examined on neutral and alkaline sucrose gradients. The results of these sedimentation studies of DNA labeled with 3H-thymidine for long times after infection with either amX39-tsNK2 or amX39 at 42 C are shown in Fig. 2 . The DNA synthesized by the double mutant (rII-ligase-deficient) was mature-sized even when denatured; the gene 30 single mutant (rII+-ligase-deficient), however, synthesized only very short segments of DNA which failed to be covalently joined into mature molecules. Figure  3A shows results from an infection at 31 C with amX39-tsNK2; at this temperature, the double mutant behaved like the single mutant. The results obtained at 42 C were similar to those in Fig. 2C . Figure 3B shows the results of a mixed infection of amX39-tsNK2 and amX39 at 42 C; as expected, the rII mutation was recessive to the wild-type allele and only low-molecular-weight DNA was synthesized.
To characterize more completely the DNA synthesis under ligase-deficient conditions, the replicative intermediates were examined in pulselabeling experiments. In accord with previous findings of Okazaki et Role of bacterial ligase. To determine the role of bacterial ligase in the growth of ligase-deficient rII phage, we have used a bacterial strain, TAU bar TS7, which is temperature-sensitive and has low levels of temperature-sensitive poiynucleotide ligase activity (12, 13) . At 42 C, the mutant bacteria have less than 2 to 4%0 of wild-type levels of ligase (3). To get adequate phage growth on this bacterial strain or its parental strain, TAU bar, it was first necessary to isolate a mutant (T4D1y). The inability of wild-type T4D to grow in TAU bar is not understood; however, it is possible that TAU bar restricts T4D+ and that the phage mutant is less sensitive to restriction. AmX39, amX39-r59, and amX39-tsNK2 containing the y marker were constructed by recombination and tested for the ability to produce phage in the absence of host ligase. In the control experiments, TAU bar TS7 was infected with T4Dy and produced phage progeny. As would be expected, amX39-,y, amX39-tsNK2--y, and amX39-r59-y were equally nonviable at 42 C in the absence of host ligase (Table 2 ). In contrast to this, the parental strain TAU bar, which produces normal bacterial ligase, did produce progeny after infection at 42 C with amnX39-tsNK2--y or amX39-r59-y but not with amX39-y. Thus, it can be concluded that for ligase-deficient phage to replicate two criteria must be satisfied: (i) normal levels of host ligase must be present and (ii) the endonucleolytic attack of the DNA early in the infection must be prevented by inactivation of rli function.
Since these experiments have been carried out, a new ligase-deficient bacterial strain has been isolated (3). This strain, which has reduced levels of ligase activity in enzyme assays, differs from the strain used here in several aspects. In VOL. 7 vivo it shows no deficiency in joining of newly synthesized Okazaki fragments to form chromosomal DNA. Unlike TAU bar TS7, this strain does not show aberrant growth characteristics under nonpermissive conditions. In spite of these profound differences in phenotype from the TS7 mutant, this strain, when used as a host for ligasedeficient rII phage, is also unable to produce 494 J. VIROL. Table 3 , genetic recombination between a pair of linked genes was increased almost sevenfold under these conditions, suggesting a possible relationship between the persistence of nicks in the intracellular DNA and the degree of genetic recombination in the progeny.
An alternative explanation of the observed increases in recombination is suggested by two other manifestations of the ligase-deficient rIl phenotype. As can be seen in Fig. 5 , DNA synthesis lagged by approximately 10 min compared to infection with ligase-positive rII phage. Concomitant with the lag in DNA synthesis was a similar, or slightly more pronounced, delay in the appearance of mature phage (Fig. 6 ). Since the DNA molecules are spending a longer time in the vegetative state, this could be expected to result in some increases in recombination frequency (9) . To test this possibility, delays in maturation were artificially introduced by the addition of chloramphenicol and the effect on recombination was measured. It is clear from the results of such an experiment ( Table 4 ) that temporary chloramphenicol-induced blockage of late function expression fails to produce significant alterations in the frequency of recombinants.
In these experiments, chloramphenicol was added at a variety of times after infection. Kozinski, Kozinski, and Shannon (7) have shown that chloramphenicol addition after 9 min at 37 C has no effect on the transfer of parental label to progeny DNA molecules. Mattson (10) has also reported that chloramphenicol-induced delays in 
